Introduction
Vaccines are among the most successful and cost-effective public health tools. Not only do vaccines prevent the vaccinated individual from developing a potentially serious illness, but they also help protect entire communities by reducing the spread of infectious agents (herd protection). Vaccines are unique as they are administered to large cohorts of mostly healthy individuals; often infants and small children. Therefore, it is unacceptable for vaccines to induce a significant burden of side effects, even where the illness itself can produce severe or fatal side effects. Acceptance of some side effects in vaccines depends on their frequency and severity, and may vary with time based on how the side-effect compares with the symptoms induced by the illness. As first-hand experience of the vaccine-preventable disease fades, even mild side-effects may be viewed as unacceptable by the public and by vaccine providers alike.
No drug, medical procedure or immunisation can be ascribed as totally risk free. If there are known risks (untoward occurrences for which there is a potential or identified association with the medicinal product [1] ), these are described in the Prescribing Information. For vaccines, active expansion of the safety information base continues to ensure that the benefits always measurably exceed any potential emerging risks. The balance of benefits and risks is dynamic and may change over time as new data emerge. The benefit-risk balance weighs the benefits of immunisation towards society (such as the prevention of epidemics, reductions in costs associated with treatment, and improved productivity), and benefits to the individual (prevention of disease and its potential sequelae), against the risks to the individual who might suffer an adverse vaccine reaction [2] . To facilitate this assessment, extensive efforts are undertaken to evaluate a vaccine's safety from early development through its entire duration of use. At licensure, surveillance activities are put into place to continue monitoring safety and disease epidemiology, and to supply reliable and upto-date information to maintain public confidence in immunisation programmes.
Adverse events (AEs) occurring after immunisation, regardless of whether they were or were not caused by the vaccine, are referred to as 'adverse events following immunisation' (AEFI) ( Table 1) . Most vaccines are provided as injections and the most common AEFI are symptoms that occur at the injection site (pain, redness, swelling), or common systemic symptoms such as fever or myalgia. These events are reported as side-effects of most injected vaccines and are generally mild and self-limiting. Occasionally, unexpected AEs or rare serious AEs may occur. Some events, such as anaphylaxis, usually occur rapidly after immunisation and require swift recognition and management. Others may occur days or weeks after immunisation; these require comprehensive investigation to distinguish those events that can be potentially causally related to immunisation, and those which are merely coincidental to immunisation. If the possible cause of an AEFI is not clearly identified, or if the event occurred in temporal association with immunisation, the patient who experiences the event may assume that the vaccine was the cause. Allegations that vaccines may cause an AEFI must be dealt with diligently and either confirmed or refuted based on scientific evidence. Misleading data can rapidly undermine confidence in an individual vaccine, or can lead to groundless suspension or withdrawal of the product from the market; ultimately having dramatic consequences for public health including decreased coverage and disease resurgence (Table 2 ). In some cases it takes a long time after an AEFI is reported to generate sufficient scientific data to determine that the AEFI was not caused by the vaccine; such as the unfounded fears that measles-mumpsrubella vaccine (MMR) caused autism or that whole-cell pertussis vaccines caused encephalopathy [3, 4] .
Vaccine safety is monitored and assessed by multiple parties and at many levels. For example, there is a constant effort made from a programmatic/public health perspective by authorities such as the World health Organization (WHO) and its safety committee (GACVS), and other supranational and national organizations to strengthen National Regulatory Authorities, favouring the establishment of National Immunisation Advisory Groups, safety surveillance, etc. Moreover, large epidemiologic studies and postmarketing surveillance are increasingly targeted to refine the benefits versus risk of vaccines. However, these aspects will not be the focus of this review.
Among all stakeholders, healthcare providers play an important role which includes identifying AEFI, collecting all available clinical information relating to the AEFI, and reporting the event, including any evaluation of risk factors that may have contributed to the event.
Here we review the procedures that are in place for monitoring vaccine safety and establishing causality, focusing on the healthcare provider's role in these processes. We also examine difficulties in AEFI reporting faced by healthcare providers in some parts of the world, and propose improvements in vaccine safety monitoring for the global community.
Infrastructure for monitoring vaccine safety
Before a vaccine is administered to humans, vaccine manufacturers undertake extensive safety evaluation of individual vaccine components and of the final formulation to be administered. Raw materials must be of the highest possible purity and quality (or 'clinical grade'), their origin must be properly traced and their ongoing supply must be guaranteed [5] . The vaccine components and the final product are tested in the laboratory for purity, sterility, potency, consistency, activity and stability (described in more detail by [46] ). Many of these tests are conducted in the laboratory, and many, such as tests for efficacy, toxicity, safety and effects on reproductive health, are conducted in animal models.
After licensure, all vaccine lots must pass a rigorous array of quality control tests that are agreed on by regulatory agencies (both the authority responsible for the jurisdiction where the manufacturer is based, and the authority [or authorised delegate] on the receiving country), before they can be released. During manufacturing an individual vaccine will undergo multiple non-clinical, toxicology and safety tests (sometimes numbering in the hundreds) before being released for use in humans. New production sites need to be inspected and approved before starting their activities, after which they are regularly inspected and audited by regulatory agencies. Production sites can undergo many inspections in a year, since each individual country's authorities may decide to inspect the facilities at any time.
The safety of an individual vaccine is continuously monitored in humans throughout its clinical development, culminating in large Phase III studies which may be designed to assess specific safety outcomes (Garçon et al. in this issue). Although smaller prelicensure safety packages may be submitted in settings of public emergency, such as pandemic influenza, or with new vaccine formulations of existing vaccines, most new vaccines are submitted for license approval with an extensive safety data package containing detailed safety information from pre-clinical studies and from the thousands or even tens of thousands of individuals that received the vaccine in clinical trials. Nevertheless, the possible occurrence of extremely rare AEs, AEs with a delayed onset, or AEs in populations that have not been studied during vaccine development, are unlikely to be detected and assessed until the vaccine is used more widely in the general population.
License applications are supported by the development of a Risk Management Plan (RMP) or Pharmacovigilance Planning [6] , in which important safety risks are identified and actions designed to address these concerns [7] . The objectives of the Pharmacovigilance Plan are to specify what is, and is not, known about the safety of a vaccine at the time of license application. This information is intended to help industry and regulators identify any need for specific data collection and to further characterise the safety risks post-authorisation. When necessary, the Pharmacovigilance Plan will define appropriate measures to minimise known (identified) or potential risks to individuals (prevent an AE or reduce its severity, should it occur) and to monitor the success of those measures ( Table 3 ). The Pharmacovigilance Plan can include additional clinical trials, epidemiological studies, database analyses, pregnancy registries and post-authorisation safety studies, any of which may be voluntary or mandated by the licensing authority [8] . Independent studies also add to the wealth of information gathered by authorities and industry [9, 10] .
Passive safety surveillance
Passive surveillance is an important source of post-licensure safety information [11, 12] . Passive surveillance relies on individuals to report AEFI when they become aware of them. Many countries have regional or centralised infrastructure and procedures in place to receive AEFI reports from healthcare providers and the public (Table 4) . AEFI reports can also be sent directly to the relevant pharmaceutical company, which receives all reports of AEFI that could concern their products, and holds large safety databases of information that are queried regularly for signal detection and evaluation. Safety signals are assessed using all relevant sources of safety data and are scrutinised to determine if there is sufficient evidence demonstrating causal association to immunisation, or a new aspect of a previously identified association.
Information received through passive AE reporting can be difficult to interpret. Reporting of all AEs after immunisation is encouraged, but whether or not an individual makes a report can be influenced by the severity of the AE, past experience with the product, other similar reports highlighted by media attention, the temporal relationship of the event with immunisation, a preconception of a causal association, knowledge of, or ease of access to reporting forms. The quality of information provided may be insufficient to either confirm the diagnosis, or assess the likelihood of a causal association. Underreporting is a well-recognised limitation of passive surveillance systems [13] .
Regional, national and supranational organizations, as well as vaccine manufacturers, use a variety of statistical methods to conduct data mining activities searching for potential safety signals [14] . The availability of electronic safety databases has seen the [45] development of sophisticated tools to detect and analyse AEs of special interest. For example, the incidence of specific AEs occurring within a specified timeframe after immunisation can be compared with the incidence of the same AE in the whole surveillance database. Alternatively, when knowledge of the background rates of disease is known (i.e., the incidence of the disease in the general population), 'Observed-versus-Expected' analyses can be used to determine if the AEFI is occurring at a higher rate in vaccinees than expected in the general population. Post-licensure safety surveillance allows the assessment of safety when the product is administered to large populations, increasing the ability to detect rare, serious AEs. For example, intussusception is a rare condition that may occur during infancy. A small number of cases of intussusception in young infants occurring during the week after immunisation were reported to a passive surveillance system with the first licensed oral rotavirus vaccine (Rotashield Ò , Wyeth). In response to these reports, the immunisation programme with this vaccine was suspended pending further investigations. The US Centers for Disease Control and Prevention (CDC) performed two large investigations; they estimated that RotaShield Ò vaccine increased the risk for intussusception by one or two cases per 10,000 infants vaccinated [15] . The manufacturer voluntarily withdrew the vaccine from the market [16] . These data informed the design of subsequent clinical trials of new rotavirus vaccines. These trials required large sample sizes to be able to rule out an intussusception risk of the same magnitude. Several years after these studies, post-licensure active safety surveillance data of the two available rotavirus vaccines from international settings identified a lower intussusception risk of currently available rotavirus vaccines; estimated at 1 to 2/100,000 vaccinated infants [17] .
The healthcare provider's role in monitoring vaccine safety
Industry, regulatory agencies, academia, the medical community and the public have a shared responsibility in monitoring vaccine safety. However, early detection and management of an AEFI will most often fall first to frontline general practitioners and other vaccine providers. Healthcare professionals have a key role in preventing AEFI: for example, syncope-related injuries, vaccine administration errors and serious allergic reactions to vaccine components can usually be prevented through careful historytaking and by having adequate procedures in place before and during vaccine administration. Healthcare professionals also need to recognise individuals for whom certain vaccines are contraindicated: such as live viral vaccines in severely immunocompromised patients or during pregnancy. Some AEFIs may occur well after the immunisation event (for example the risk of intussusception may increase slightly for up to 31 days after immunisation with oral rotavirus vaccine), requiring additional vigilance to identify the event as an AEFI. Other AEFI such as anaphylaxis frequently occur rapidly after exposure to the allergen and are anticipated to have an onset <1 h after immunisation, requiring observation of vaccine recipients. Anaphylaxis needs to be differentiated from other acute events that may also occur soon after immunisation with similar presenting symptoms and signs; such as vasovagal reactions, psychogenic or conversion symptoms.
Healthcare providers are encouraged to report AEFIs via local reporting processes (Table 4 ). All AEFI reports from all sources worldwide are sent to the relevant manufacturer and entered into the central safety database. All serious AEFIs are individually assessed and more information may be requested from the individual who reported the AEFI. All efforts are made to obtain a complete medical record of the AEFI including the results of diagnostic tests and treatments administered. It is important that medical information of high quality is collected to allow diagnostic certainty and to perform causality assessment of individual cases. While a temporal relationship to immunisation or a series of similar AEFIs in vaccinated individuals may suggest causality, proving causality is much more difficult and other evidence is required [18] .
Cause or coincidence? How to assess the true relationship between vaccines and events occurring after immunisation
Since many events may occur in temporal association with vaccine administration, it is important to know and perform all the steps needed to investigate whether an event was causally associated with vaccination or if the association was merely coincidental (i.e., another factor occurring at the same time was the real cause). Sometimes the aetiology remains unknown or very hard to determine.
Safety surveillance systems are correctly intended to be as sensitive as possible to detect signals that trigger further investigations to confirm or refute a possible causal association between the AEFI and the vaccine administration. Many methods have been proposed to assess the potential relationship between a medicine and an AE in a given patient, ranging from short questionnaires, guidelines and algorithms, which have been developed to promote systematic and standardised assessment of causality [19, 20] . A standardised algorithm has been developed by Neal Halsey et al. (Clinical Immunisation Safety Assessment network, US) to assist in data collection, interpretation, and in assessing causality after individual AEFIs (http://jhsph.co1. qualtrics.com/SE/?SID=SV_0ffGju4La9Hjf8h) [20, 21] . The first step is to establish a firm diagnosis of the AEFI using accepted clinical case definitions. A fundamental contribution to this end is the ongoing work of the Brighton Collaboration, a network of scientists whose aim is to establish clear case definitions for individual AEFIs so that reports from all parts of the world are comparable and reporting consistency is ensured [22, 23] . The second step is the determination of whether the time that elapsed between the administration of the vaccine and the onset of symptoms is consistent with current knowledge about possible causal relationships. For example, if an immunological mechanism is thought to be implicated in an AEFI (for instance, Guillain-Barré syndrome), and the event is reported 1-2 days after the administration of the first dose of a vaccine, the time interval is not compatible with a causal relationship with immunisation simply because more time (several days or even several weeks) is needed to induce the immune-pathological condition. Similarly, a concomitant infection should be investigated as the most likely cause of febrile seizures occurring 2 days after the administration of a MMR/MMRV vaccine, since it is well known that live-attenuated viruses are much more likely to be responsible for febrile seizures 5-12 days after administration.
The possibility of contamination of the vaccine lot by chemicals, toxins or infectious agents should be considered in certain contexts. In these cases, it is expected that the event would be reported in a considerable number of recipients of the suspected contaminated vaccine lots. Moreover, if contamination is investigated, the responsible organism or substance should be detected in the residual content of the vaccine vial. If an attenuated vaccine agent is responsible for an AEFI, the agent or its nucleic acid should be found in the damaged tissues, and the sequencing of its deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) should correspond to the vaccine strain.
Even when the time interval is compatible with a possible role of the vaccine, all alternative potential causes of the event need to be investigated (step 3). This is of critical importance on two counts: firstly, in order to decide whether the next vaccine dose can be administered; secondly, although often difficult, to determine what was the likely cause. A 'temporal factor' may prejudice the conclusion that the vaccine is the cause, simply because it preceded the event. By failing to look for alternative explanations, potentially treatable causes may go unrecognised, patients may not receive the full immunisation series, and the vaccine will be inappropriately blamed for the AE.
Finally, healthcare providers are encouraged to report all AEFIs to their local surveillance systems because these reports are fundamental to generate hypotheses for further investigation. Timely reporting and a complete evaluation of AEFI are critical in order to maintain public confidence in vaccines, and to highlight the true rare AEFIs when they occur. Vaccines have an excellent safety record and are of paramount importance in infectious disease prevention. Accurate and complete safety information puts vaccine attributable AEFIs into perspective, thus allowing health providers to correctly weigh the benefits and risks of their implementation.
When causality is not established
The perception of a relationship between a vaccine and serious AE can have profound effects on vaccine confidence, leading to widespread rejection of some vaccines, with devastating consequences (Table 2) . Changing these perceptions is highly challenging and requires the communication of up-to-date and detailed information to providers and their patients, for maintaining trust in vaccines. For example, a gastroenterologist claimed a causal association between MMR immunisation and autism when he investigated a series of patients with autism of whom 8 out of 12 had onset of symptoms within 2 weeks of immunisation [24, 25] . This assertion was made in 1998 and since then, dozens of studies and several data reviews by independent organizations have all concluded that there is no evidence to support a causal association between MMR immunisation and autism. However, 17 years later there are still fears within the public that MMR immunisation will cause autism.
For other purported vaccine-AEFI associations, it is frequently the case that despite extensive efforts and large investigative studies, a causal association between an AEFI and immunisation can neither be proven nor ruled out. This may be due to very low frequency of the AEFI, inability to exclude alternative causes, or both. Under these circumstances, attempts are made to quantify the level of certainty of any potential association using statistical methods.
Steps once causality is established
When a causal association between an AEFI and immunisation is established, or if a causal association is suspected but not established and the AEFI is potentially serious, the benefit versus risk is re-assessed. Decisions are made regarding AEFI management and whether future vaccine doses should be administered. Risk management and risk minimisation strategies, such as changes to the Prescribing Information, identification of measures to reduce the risk to vaccinees, product suspension or withdrawal, are undertaken. National Technical Advisory Groups and National Regulatory Agencies also play a key role in evaluating and acting upon new safety information after it is received. Accurate safety information and risk minimisation strategies are communicated in a timely manner to healthcare providers through changes to the Prescribing Information or by direct communications to doctors.
The evaluation of AEFIs is continuous. There is a constant circular process of gathering safety data, analysing the data for signals, determining if signals impact the benefit-risk profile of the vaccine and taking actions as appropriate (Fig. 1) . This feedback mechanism works to change immunisation practices and has led to improvements in vaccine safety (Fig. 2) .
The Prescribing Information
The safety information that appears in the Prescribing Information represents a summary of data obtained from clinical trials and post-marketing surveillance reports. In clinical trials, all symptoms that occur at the vaccine injection site are considered to be vaccine-related, while the investigator running the trial independently assesses the causal association between all other AEFI that are reported. All AEFI reported in clinical trials that are considered to be at least possibly related to the vaccine, that are biologically plausible (for example, fractures are a common occurrence in childhood but it is not biologically plausible that they are directly caused by immunisation), and that are reported after at least 0.1% of doses, are included in the Prescribing Information. Similarly, series' of AEFI reports from global sources are included if a causal relationship is biologically plausible and reported after at least 0.1% of doses. AEFIs are described in the Prescribing Information as ''very common" if they are reported after at least 1 in every 10 doses (such as pain and redness at the infection site), ''common" between 1 in every 10-100 doses, ''uncommon" between 1:100-1000 doses, ''rare" between 1:1000-10,000 doses and ''very rare" if reported less frequently than 1:10,000 doses (such as Vaccine-associated-paralytic-poliomyelitis after live oral polio virus vaccine which has an overall risk of 1:1,000,000 [26] .
The Prescribing Information and accompanying patient information sheet are updated as required to reflect the most recent safety information (Fig. 1) . Events that might trigger an update of the safety information in the Prescribing Information include the availability of new data that allow the removal of contraindications in place because of a previous lack of data; the addition of AEs reported through post-marketing surveillance mechanisms; or the addition of warnings or strategies to minimise risk to vulnerable populations (Fig. 2) . Sometimes the Prescribing Information will be updated because of the existence of a 'class effect' (the effect is observed in all vaccines or similar vaccines).
Adopting a global approach to vaccine safety
Over the last 10-15 years there have been many initiatives undertaken and infrastructure developed to improve assessment of vaccine safety [12] . Collaborative projects monitor and evaluate vaccine safety independently of industry: for example, the Vaccine Safety Datalink is a collaboration between the US CDC and 9 healthcare organizations [27] ; the Institute of Medicine is a nongovernment Organization in the US [28] ; the Vaccine Adverse Event Surveillance & Communication is a collaboration of regulatory agencies, public health institutes and scientists that aims to improve safety monitoring including the conduct of safety studies within Europe [29] ; the Global Advisory Committee on Vaccine Safety is an independent expert clinical and scientific advisory body that advises the World Health Organization on vaccine safety issues of potential global importance [30] ; and there are other systems in place in North America, Europe and parts of Asia [31] . Conversely, the importance of surveillance of AEFI has not always been widely recognised in low-and middle-income countries. For example, in April 1998, AEFI following diphtheria-tetanus-pertussis vaccine in one governorate in Egypt were reported by the media before medical authorities were informed, resulting in panic over immunisation and a reduction in coverage of all vaccines in the immunisation programme. A surveillance program was subsequently established in July 1998 [32] . The program has received 2000 reports until 2015 and the consequences appropriately managed (personal communication from unpublished reports by the Ministry of Health in Egypt).
In addition, regulatory agencies provide guidelines for safety monitoring of vaccines at all stages of their development and for the entire duration of their use [33] .
Nonetheless, it is estimated that the majority of low-andmiddle income countries do not have post-marketing safety surveillance infrastructure in place, and there remains a need to build a global platform for vaccine safety monitoring and communication efforts [34] . Such a platform would facilitate detection of rare AEFIs across countries and rapid deployment of risk minimisation measures. In resource-poor settings where the establishment of safety monitoring infrastructure is not immediately possible, global infrastructure has an important role to play, particularly for new vaccines intended primarily for use in resource-poor countries (such as malaria and dengue vaccines). In 2011 the World Health Organization launched the Global Vaccine Safety Blueprint, a project to achieve effective vaccine pharmacovigilance systems in all countries [30] and which is developing standardised tools such as the Global Manual On Surveillance Of Adverse Events Following Immunisation [35] , to build vaccine pharmacovigilance capacity in low-and middle-income countries.
Conclusions
The benefit-risk profile of each vaccine is assessed constantly during the entire duration of its use. Increased knowledge of the safety surveillance processes that are in place to collect, analyse and communicate around AEFI can increase confidence of healthcare providers and the public in immunisation. Healthcare providers have a central role in enhancing knowledge of vaccine safety by ensuring AEFI are identified quickly, that high-quality data is collected to allow thorough assessment of the AE, and to
Change to Undesirable Effects
Thrombocytopenia is a well-recognised complicaƟon of many viral infecƟons including measles and rubella. Post-licensure studies confirmed an increased risk of thrombocytopenia aŌer MMR vaccinaƟon, although the risk was lower and disease clinically milder than aŌer natural infecƟon. Thrombocytopenia was added as a very rare undesirable effect in the Prescribing InformaƟon
Change to Warnings and PrecauƟons
Syncope may occur aŌer administraƟon of any vaccine to adolescents and adults. Syncope has been reported following vaccinaƟon of adolescent and young women with human papillomavirus (HPV) vaccines, and has a plausible relaƟonship given the populaƟon and the seƫngs where vaccinaƟon is given (e.g., schools). Although not unique to HPV vaccines, syncope was added to the Prescribing InformaƟon to alert prescribers to take preventaƟve measures and to closely observe subjects for 15 minutes aŌer vaccinaƟon
Change to the Schedule
Post-licensure studies have established that oral rotavirus vaccine is associated with a small increase in the background risk of intussuscepƟon. IntussuscepƟon is most common in children aged 6-12 months. Risk minimisaƟon is achieved by compleƟng the vaccinaƟon course before 6 months of age PMS can lead to changes in the Prescribing InformaƟon determine the likelihood that immunisation may have been (or not) the cause of the event. Ultimately these events should be reported via national pathways. The ability to detect and communicate AEFI is not adequate in all countries, but could be improved with a global approach to vaccine safety monitoring. Prescribing information leaflets are regularly updated to inform the healthcare provider and vaccine recipients about the most recent assessment of benefits and AEFI. These activities help to maintain public trust in vaccines, the ultimate objective being to have vaccines with the most favourable benefit-risk profile.
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